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(54) Ceramic matrix composite and method of manufacturing the same 

(57) There is provided a ceramic matrix composite 
whose strength is less degraded even in a high-temper- 
ature range at, especially, 1,400 °C or higher, and a 
method of manufacturing the ceramic matrix composite. 
The ceramic matrix composite in which reinforcements 
are arranged in a ceramic matrix to be combined to the 
ceramic matrix is characterized in that the main compo- 
nent of the ceramic matrix consists of silicon carbide 
and molybdenum silicide based compound, the density 
ratio of the matrix is 90% or higher. 
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Description 

BACKGROUND OF THE INVENTION 
5 1 . Field of the Invention 

The present invention relates to a ceramic matrix composite obtained by combining ceramic fibers with a silicon 
carbide (SiC) matrix and to a method of manufacturing the same and, more particularly, to a ceramic matrix composite 
having high strength even in a high-temperature range at, especially. 1 ,400°C or higher and a method of manufacturing 
10 the same. 

2. Description of the Related Art 

In general a ceramic sintered body has strength which is less degraded up to a high temperature, and is more 
excellent than a conventional metal material in hardness, electric insulating properties, abrasion resistance, heat resist- 
ance conosion resistance, light-weight properties, and the like. For this reason, the ceramic sintered body is popularly 
used in a large field as an electronic material or a structure material such as a heavy electric equipment part, an aircraft 
part an automobile part, an electronic equipment, a precision instrument, or a semiconductor device matenal. 

However, the ceramic sintered body is easily affected by tensile stress rather than compression stress, and. espe- 
cially, the ceramic sintered body is broken by the tensile stress at once. That is, the ceramic sintered body disadvanta- 
geou'sly has so-called high brrttleness. For this reason, in order to make it possible to apply a ceramic part to a portion 
whose reliability should be high, high toughness of the ceramic sintered body or an increase in fracture energy are 
strongly demanded. ... u 

More specifically, a ceramic structure part used as a gas turbine part, an aircraft part, an automobile part or the 
like requires high heat resistance, high refractory, and high reliability. In order to reply to this demand, studies for real- 
izing the following ceramic composite material have advanced in domestic and foreign laboratories. That is. ceramic 
matrix composites (CMC) are improved on a toughness value or a fracture energy value in such a manner that rein- 
forcements (strengthening materials) such as reinforcement fibers, whiskers, blades, and particles which consist of an 
inorganic material or a metal are dispersed in a matrix sintered body to be combined with each other. 

Among the above ceramic matrix composites (CMC), a ceramic matrix composite using fibers as reinforcements is 
is excellent in fracture toughness or an increase in fracture energy, and has a great effect for improvement on reliability. 
As the reinforcement for the CMC, continuous fibers or short fibers such as glass fibers, carbon fibers, or ceramic fibers 

are mainly used. ' ' ... 

Among the ceramic matrix composites which are reinforced or strengthened by fibers, a composite having silicon 
carbide (SiC) as a matrix is hopeful as a material constituting a structure member for high temperature because the 
composite has high heat resistance and high oxidation resistance. 

Conventionally, as a method of combining reinforcements in the above ceramic matrix composite, the following 
method is employed. That is, a ceramic material powder is filled in a preform such as a fabric consisting of ceramic fib- 
ers by a wet method such as a slip cast method to manufacture a preliminary green body containing reinforcements. As 
in a conventional method of manufacturing a sintered body, the green body is sintered by atmospheric-pressure sinter- 
ing, atmosphere pressing sintering, hot press, HIP, or the like. 

On the other hand, when a matrix is formed by a reaction-sintering method, a material slurry containing carbon and 
SiC is impregnated in a preform such as a fabric consisting of ceramic fibers to form a preliminary green body and reac- 
tion-sintering is performed while mefted silicon (Si) is impregnated in the preliminary green body to cause the carbon 
component and melted Si to react with each other. A matrix consisting of a reaction-sintering SiC sintered body is inte- 
grally formed to manufacture a composite. 

The reaction-sintering SiC sintered body manufactured as described above is rarely contracted during sintering, 
exhibits high dimensional precision, and has an advantage that a sintered body having a high density can be obtained 
under the heat condition at a relatively low sintering temperature of about 1 .450°C. Furthermore, the reaction-s.nter.ng 
SiC can cope with a complex shape, and has the manufacturing cost which is considerably lower than that of another 
manufacturing process. For this reason, practical use of the reaction-sintering SiC as a matrix constituent material of a 
ceramic matrix composite is expected. . 

However, in a ceramic matrix composite using a reaction-sintering SiC as a matnx. a manufacturing process for 
impregnating mefted Si is employed. For this reason, the reaction-sintering SiC contains 15 to 30% by volume of free 
Si and the free Si disadvantageously degrades the high-temperature strength of the composite. More specifically, since 
the melting point of free Si is relatively low. i.e.. 1 .410 °C, the structural strength of the composite is sharply degraded 
because of softening and melting of free Si under the high-temperature use condition at 1.400-C or higher. Therefore, 
there is a severe problem that the reaction-sintering SiC cannot be used as a structure part matenal. 
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SUMMARY OF THE INVENTION 

The present invention has been made to solve the above problems, has as its object to provide a ceramic matrix 
composite whose strength is less degraded even in a high-temperature at. especially. 1 .400'C or higher, and a method 
5 of manufacturing the ceramic matrix composite. 

In order to achieve the above object, the present inventors employed, as a method of sintering a matnx. a reaction- 
sintering method which achieved a low sintering temperature, a small change caused by contraction during sintering, 
and preferable dimensional precision, and substituted part or almost of free Si left in the matrix for molybdenum silicide 
based compound such as molybdenum disilicate (MoSi 2 ). Namely. SiC matrix was formed by reaction-sintering 
w method simultaneously. MoSi 2 or the like was precipitated in the SiC matrix, thereby to reduce an amount of metal Si 
(free Si). As a result the present inventors obtained a knowledge that a ceramic matrix composite which is excellent in 
high-temperature strength could be obtained. . 

That is. MoSi 2 has a high melting point of 2.030 °C and oxidation resistance which is equal to that of pure SiC sin- 
tered body, and exhibits excellent oxidation resistance up to a temperature of 1 .600 °C. 
is However the polycrystalline of MoSi 2 is liable to pose a problem of causing a phenomenon, so-called "pest phe- 
nomenon" of the polycrystalline being powdered by oxidation at middle-temperature range of about 700 - 10OOK. In 
addition the brrttJeness of MoSi 2 is sharply degraded in a boundary temperature of about 1 .000°C. and MoSij, has the 
quality of a ductile material. Therefore. MoSi 2 also pose a problem of degrading a high-temperature strength and creep 
strsngth. 

The inventors of this invention have conducted various experiments in order to obtain a composite capable of 
improving the high-temperature strength and creep strength, and of suppressing the pest phenomenon, while utilizing 
the characteristics of MoSi 2 . As the result, the following finding was obtained. Namely, when the matrix mainly com- 
posed of SiC. molybdenum silicide based compound and Si was formed, and this matrix was applied to a matnx for a 
continuous-fiber composite, there could be obtained a composite excellent in high-temperature strength. 

In particular, when a compound having a general formula of Mo-Si-X. wherein X is at least one element selected 
from the group consisting of Al. Ta, Ti. Zr. Y. Re, W. V. Cr and Nb. was precipitated in the matrix, a significant effect of 
improving the high-temperature strength could be obtained. 

In addition, the present inventors obtained the following knowledge. That is. when a composite surface was partially 
nitrified to form a surface layer which contained silicon nitride (Si 3 N 4 ), was densely nitrified, and had a predetermined 
thickness, a composite material which was excellent in oxidation resistance could be obtained. When the method was 
applied to a gas turbine part, a ceramic matrix composite in which degradation of mechanical characteristics at a high 
temperature was less degraded with time could be obtained for the first time. The present invention is completed on the 
basis of the above knowledge. 

More specifically, as defined in claim 1, the present invention provides a ceramic matrix composite in which rein- 
forcements are arranged in a ceramic matrix to be combined with the ceramic matrix, characterized in that a main com- 
ponent of the ceramic matrix consists of silicon carbide and molybdenum silicide based compound, and a density ratio 
of the matrix is not less than 90%. 

In another aspect, as defined in daim 2, the present invention provides a ceramic matrix composite in which rein- 
forcements are arranged in a ceramic matrix to be combined with the ceramic matrix, characterized in that a main com- 
40 ponent of the ceramic matrix consists of silicon carbide, molybdenum silicide based compound, and tree silicon, a 
density ratio of the matrix is not less than 98%, a content of free silicon in the matrix is not more than 10% by volume. 

Further the molybdenum silicide based compound may preferably be molybdenum disilicide (MoSi 2 ). Furthermore, 
the molybdenum silicide based compound may preferably have a general formula of Mo-Si-X wherein X is at least one 
element selected from the group consisting of Al. Ta. Ti. Zr. Y. Re, W. V. Cr and Nb. 
45 In the ceramic matrix composites as defined in claims 1 and 2. a surface layer containing silicon carbide, molybde- 
num silicide based compound, and silicon nitride as a main component or a nitrified surface layer containing silicon 
nitride is preferably formed on a surface of the ceramic matrix composite. The thickness of the surface layer is preferably 
not less than 1 0 urn, and is preferably not more than 5% of the thickness of the ceramic matrix composite. The average 
grain size of silicon nitride contained in the surface layer is preferably not more than 10 jim. 
so The ceramic matrix composite is characterized in that the reinforcements consist of ceramic continuous fibers. 

The ceramic matrix composite is characterized in that an average grain size of silicon carbide constituting the 
matrix is not more than 20 urn. and an average grain size of molybdenum silicide based compound such as molybde- 
num disilicate is not more than 10 jim. 

The ceramic matrix composite is characterized in that the matrix has a structure obtained by uniformly dispersing 
55 molybdenum silicide based compound in silicon carbide. The ceramic-based fiber composite material is characterized 
in that the matrix has a structure obtained by uniformly dispersing clusters consisting of molybdenum silicide based 
compound in silicon carbide, and the diameter of each cluster is not more than 200 jim. 

The ceramic matrix composite is characterized in that, when an arbitrary section of the matrix is observed, the 
matrix has a micro-structure obtained by dispersing fine particles consisting of silicon carbide in a molybdenum silicide 
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based compound phase. In addition, the fine particles consisting of silicon carbide and dispersed in the molybdenum 
silicide based compound phase are preferably nano-sized particles. 

Such a fine structure (micro-structure) is formed by dispersing and precipitating a part or all of fine particles of sil- 
icon carbide sintered body generated by reaction-sintering in a molybdenum silicide based compound phase. In th.s 
s case as a start material of at least a part of carbon constituting the green body consisting of reinforcement. Silicon car- 
bide 'and carbon.Ca ca~rbon powder having a grain particle sized not morAj^J.juiijs preferabjy.ige^ The fine struc- 
ture "may be formal by dispersing and precipitating a part or all of fine particles of silicon carb.de sintered body 
generated by reaction-sintering in a molybdenum silicide based compound phase. In this case, as a start material of at 
least a part of carbon constituting the green body consisting of reinforcements, silicon carbide, and carbon, a carbon 
to powder having a grain particle size of not more than 1 00 nm is preferably used. 

The ceramic matrix composite having the above fine structure exhibits excellent high-temperature charactenstics 
because the molybdenum silicide based compound phase exhibiting ductility in a high-temperature range at 1 .000 C or 
higher improves the strength of the composite and considerably improves creep characteristics. 

According to the present invention, a method of manufacturing a ceramic matrix composite is charactenzed by 
, 5 comprising the step of preparing a green body consisting of reinforcements, silicon carbide, and carbon, the stepof per- 
forming reaction-sintering while an alloy consisting of silicon and molybdenum is impregnated in the green body, the 
" step of causing a carbon component and impregnated silicon to react to form a silicon carbide sintered body serving as 

- a matrix, and the step of causing impregnated silicon and molybdenum to react to precipitate molybdenum silicide 
based compound such as molybdenum silicate in the matrix. .. e ... 

20 In order to obtain the matrix containing molybdenum silicide based compound, molten (a) Si-Mo-X alloy, (b) S.-Mo 

- alloy, (c) Si-X alloy, (d) Si are impregnated into (1) green body consisting of C and SiC. 

(2) green body consisting of C. SiC and X, 

(3) green body consisting of C, SiC and Mo, 
25 (4) green body consisting of C, SiC, Mo and X, 

thereby to precipitate molybdenum silicide based compound having aimed composition in the matrix. 

In the matrix containing such molybdenum silicide based compound, there cannot be observed a degradation of 
mechanical properties even in a high-temperature range at 1 .400 »C or higher. Further, since the molybdenum sHic.de 
30 based compound is precipitated in the matrix, a transition temperature at which the matrix is changed from brrttle mate- 
rial to ductile material is increased, thereby to enable to enhance high-temperature strength and to .mprove creep char- 
acteristics. In addition, aforementioned "pest phenomenon" can be effectively suppressed, and a composite excellent 
in high-temperature strength can be obtained. ^ru- 
in this case, when reaction-sintering is performed while an alloy consisting of silicon and molybdenum or the like is 
35 impregnated in the green body by a method of preparing the matrix, an alloy whose composition is controlled to a pre- 
determined composition is preferably impregnated through all the impregnation steps. 

The above manufacturing method may further comprise the step of heating the ceramic matnx composite formed 
by reaction-sintering at a temperature of 1 .500°C to 1 .700 °C in a reduced-pressure atmosphere to remove free silicon 
The above manufacturing method may further comprise the step of heating the ceramic matrix composite formed 
ao by reaction-sintering at a temperature of 1 .300«C to 1 .400 -C in a nitrogen-pressed atmosphere to nrtrify free silicon in 
a material surface, thereby forming a nitride surtace layer containing silicon nitride on the material surface. 

In the above manufacturing method may further comprise the step of heating the ceramic matrix composite in 
which a matrix is formed by reaction-sintering at a temperature of 1 .300 to 1 .400 »C in a nitrogen-pressed atmosphere 
to ooze silicon from internal of the material to a material surface portion, and the step of nrtrifying the oozed silicon on 
« the material surface portion to form a nitride surface layer containing silicon nitride on the matenal surface. 

In this case, when reaction-sintering is performed while an alloy consisting of silicon and molybdenum or the like is 
impregnated in the green body by a method of preparing the matrix, an alloy having a predetermined composrtion is 
preferably impregnated by using a switching operation for atmospheres in a sintenng furnace. 

A temperature raising process is performed in an inert gas atmosphere in the reaction-sintering step of the manu- 
so factoring method, the inert gas atmosphere is switched to a vacuum when the temperature reaches a predetermined 
sintering temperature to progress sintering, and the cooling step is preferably performed in an .nert gas atmosphere. 

In this case, when reaction-sintering is performed while an alloy consisting of silicon and molybdenum or the like i is 
impregnated in the green body by a method of preparing the matrix, an alloy whose content is substantially equal to toe 
content of the alloy consumed by the green body in the reaction-sintering is preferably impregnated to prevent the alloy 
55 from being excessively supplied. More specifically, in the reaction-sintering step, the content o the alloy consisting of 
silicon and molybdenum impregnated in the green body is preferably set to be 1.2 times the alloy content required for 

the reaction-sintering for the green body. . . .„ 

In this case, various ceramic continuous fibers are preferably used as reinforcements to be arranged in the ceramic 
matrix. A predetermined content of the ceramic continuous fibers is mixed with the ceramic matnx to improve the tough- 
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ness of the reaction-sintering SiC matrix. As the ceramic fibers, various fibers such as long fibers, short fibers, or 
whisker having various shapes are used. The material of the ceramic ffoers is not limited to a specific one, and a 
ceramic material similar to the material constituting the matrix can also be used. 

As an example of the ceramic ffoers, at least one type selected from fiber-like materials such as silicon-carbide- 
5 based fibers (SiC, Si-C-O. Si-Ti-C-O. or the like). SiC-coated ffoers (core fiber consisting of, e.g.. C), alumina (Al 2 03) 
fibers, zirconia (Zr0 2 ) ffoers. carbon (C) fibers, boron (B) fibers, silicon nitride (Si 3 N 4 )-based fibers. Si 3 N 4 -coated fibers 
(core fiber consisting of, e.g.. C). mullite fibers. SiC whisker, Si 3 N 4 whisker, Al 2 0 3 whisker, and Zr0 2 whisker is prefer- 
ably used. 

These ceramic continuous fibers are preferably added at a fiber volume fraction (Vf) of 10% or more with respect 
10 to the entire volume of the composite. However, when the content of fibers exceeds 50%, it is difficult to uniformly 
arrange matrixes around each fiber, and the strength characteristics of the composite may be sharply degraded with 
occurrence of defects. Therefore, a preferable content at which a composite effect is obtained ranges from 10 to 50% 
by volume, more preferably, from 1 5 to 40% by volume. 

The molybdenum silicide based compounds such as molybdenum disilicate (MoSi 2 ) are precipitated such that the 
is composition of an alloy consisting of an Mo component and an Si component which are impregnated changes the 
moment the SiC sintered body is formed by reaction-sintering. The molybdenum silicide based compound is formed to 
be uniformly dispersed and precipitated in a matrix consisting of an SiC sintered body. 

MoSi 2 has a high melting point of 2.030 °C and oxidation resistance which is equal to that of pure SiC sintered body, 
and exhibits excellent oxidation resistance up to a temperature of 1 ,600°C. However, the brrtrJeness of MoSi 2 is sharply 
20 degraded in a boundary temperature of about 1 .000 °C. and MoSi 2 has the quality of a ductile material. 

The average diameter of the molybdenum silicide based compound such as MoSi 2 -precipitated body is preferably 
set to be 10 urn or less to keep the high-temperature strength of the entire composite high. As the distribution state of 
molybdenum silicide based compound, a state wherein fine compound such as MoSi 2 is uniformly dispersed and pre- 
cipitated in SiC may be used, but a state wherein coarse clusters formed by aggregating a plurality of compound-pre- 
25 cipitated bodies and each having a diameter of 200 urn or less are uniformly dispersed in SiC. 

In a composite in which fine compound precipitated bodies are uniformly dispersed and precipitated in SiC. since 
apparent Young's modulus decreases in a high-temperature range at 1,000°C or higher, a strengthening mechanism 
obtained by reinforcements such as ceramic continuous fibers can be sufficiently expected. 

On the other hand, in a composite in which coarse clusters formed by aggregating compound-precipitated bodies 
30 are uniformly dispersed in SiC, although a decrease in strength in a high-temperature range at 1 .000 °C or higher is 
smaller than that in the composite in which fine compound precipitated bodies are uniformly dispersed, non-elastic 
deformation easily occur. Therefore, it is important that the distribution state of compound such as MoSi 2 is correctly 
controlled according to application conditions for respective parts. 

The distribution state of the molybdenum silicide based compound such as MoSi 2 can be adjusted by changing 
35 processing conditions such as a sintering holding time and a cooling rate during reaction-sintering. 

The average grain size of SiC serving as a main component constituting the matrix is set to be 20 jim or less to 
assure preferable high-temperature strength of the composite. 

The content of free Si constituting the matrix is set to be 10% by volume or less. If the content of free Si exceeds 
10% by volume, Si is softened and melted at a high temperature of 1,400°C or higher to sharply degrade the high-tem- 
40 perature strength of the composite. For this reason, the content of free Si in the matrix is preferably set to be 10% by 
weight or less, more preferably. 5% by weight or less. 

In the ceramic matrix composites as defined in claims 2 and 1 , the density ratios of the matrixes are set to be 98% 
or more and 90% or more, respectively. The ceramic matrix composite as defined in claim 1 is manufacturing such that 
the ceramic matrix composite as defined in claim 2 is heated to 1 ,500 °C to 1 .700 °C in a reduced-pressure atmosphere 
45 to remove free Si. Therefore, the density ratio of the ceramic matrix composite as defined in claim 1 becomes lower than 
the density ratio of the composite as defined in claim 2 by a value corresponding to the content of free Si. As a result, 
the density ratio of the ceramic matrix composite defined in claim 1 is 90% or more. 

The surface layer formed on the surface of the ceramic matrix composite densities the material surface and effec- 
tively suppresses an oxidizing gas and a corrosive gas contained in the atmosphere in use from being permeated into 
50 the material. The surface layer is effective to improve the oxidation resistance and corrosion resistance of the compos- 
ite. Therefore, as a material constituting parts such as a gas turbine part used at a high-temperature in an oxidation gas 
atmosphere, the ceramic matrix composite having a surface layer formed thereon is preferably used. 

The surface layer is formed such that a ceramic matrix composite formed by reaction-sintering is heated to 1,300 
to 1 ,400°C in a nitrogen-pressed atmosphere or a nitrogen atmosphere to nitrify free Si in the surface portion of com- 
55 posite. 

When the thickness of the surface layer is smaller than 1 0 urn, improvement of oxidation resistance of the compos- 
ite is not sufficient. For this reason, the thickness of the surface layer is set to be 10 \im or more. However, when the 
thickness of the surface layer exceeds 5% of the thickness of the composite, the characteristics inherent in SiC serving 
as a matrix are degraded. Therefore, the thickness of the surface layer is set to be 5% or less of the thickness of the 
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composrte. 

The average grain size of Si 3 N 4 contained in the surface layer is set to be 10 urn or less to assure preferable high- 
temperature strength of the composite. 

In the method of manufacturing a ceramic matrix composite according to the present invention, when the reaction- 
sintering is progressed while an alloy consisting of Si and Mo is melted and impregnated in a preliminary green body, 
the impregnation of the Si-Mo alloy having a predetermined composition is very important to control the matrix compo- 
sition of a reaction-sintering SiC-MoSi 2 -based composite. 

However, in a temperature raising process performed until a reaction system is heated to have a predetermined sin- 
tering temperature, and in a temperature lowering process for cooling the sintered body upon completion of sintering, 
the composition of an Si-Mo alloy impregnated in a temperature range from the sintering temperature and the eutectic 
temperature of Si-Mo is different from a predetermined Si-Mo alloy composition. For this reason, the matrix composition 

cannot be controlled. 

However, according to knowledge obtained by the present inventors, the molten Si-Mo alloy is brought into contact 
with a preliminary green body at only a predetermined temperature at which reaction-sintering is performed. On the 
other hand in the temperature raising process and the temperature lowering process, it was found that a ceramic matrix 
composite having a predetermine composition could be obtained by making a countermeasure for preventing the pre- 
liminary green body from being in contact with the melted Si-Mo alloy. 

It was found that an operation for switching an atmosphere in the sintering furnace or an operation for exactly con- 
trolling the Si-Mo alloy are effective as the countermeasure for bringing the preliminary green body into contact with the 
molten Si-Mo alloy at the predetermined temperature at which the reaction-sintering is performed and preventing the 
preliminary green body and the Si-Mo alloy from being in contact with each other in the temperature raising process and 
the temperature lowering process. 

The operation for switching the atmosphere in the sintering furnace uses a fact that temperature ranges in which 
Si and an Si-Mo alloy are melted and flow in an inert gas atmosphere and a reduced-pressure atmosphere are different 
from each other. More specifically, a temperature range in which Si and an Si-Mo alloy are melted and flow is higher in 
the inert gas atmosphere than in a vacuum atmosphere. 

For this reason, the inert gas atmosphere is switched to the vacuum state when the temperature reaches a prede- 
termined sintering temperature, and the inert gas atmosphere is preferably set again in the cooling process. With the 
switching operation for the sintering atmosphere, the Si-Mo alloy having compositions different in the temperature rais- 
ing process and the cooling process can be prevented from being impregnated in the preliminary green body. There- 
fore, a reaction-sintering SiC-MoSi 2 -based composite whose matrix composition is controlled at high precision can be 
obtained. 

On the other hand, the method of controlling the content of Si-Mo metal mixture impregnated in the preliminary 
green body is a method of causing only a content of the Si-Mo alloy having a predetermined composition and required 
for performing complete reaction-sintering with the preliminary green body to react with the preliminary green body. In 
this manner the preliminary green body and an excessive amount of Si-Mo alloy can be prevented from reacting with 
each other during sintering and in the temperature lowering process. Since these methods are especially simple and 
reliable methods of the methods of impregnating Si-Mo alloy having a predetermined composition, these methods are 
very useful to control the composition of a composite. 

According to the ceramic matrix composite having the above arrangement and a method of the manufacturing the 
same since a part or all of free Si contained in a matrix is substituted for molybdenum silickJe based compound such 
as molybdenum disilicate (MoSiz), a ceramic matrix composite which is excellent in strength at a high temperature of 
1 ,400°C or higher can be obtained. 

When a dense surface layer containing silicon nitride (Si 3 N 4 ) is formed on the surface of the ceramic matrix com- 
posite even if the ceramic matrix composite is used in a corrosive environment, there can be obtained a ceramic matrix 
composite in which a corrosive gas or an oxidizing gas rarely impregnated and which has excellent oxidation resistance. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

An embodiment of the present invention will be described below with reference to the following Examples. 



Example 1 



SiC continuous fibers (trade name: Hi-nicalon available from Nippon Carbon Co.. Ltd.) having a boron nitride (BN) 
coating having a thickness of 0.4 ^m and formed thereon and each having a diameter of 1 4 u m were prepared, the SiC 
continuous f bers were woven to fabricate a plain weave cloth. 

On the other hand, an SiC powder (average grain size: 5 jim) serving as an aggregate and a carbon powder (aver- 
age grain size: 1 (im) whose content corresponds to 20% by weight of the content of SiC powder were dispersed in an 
aqueous solvent to prepare a low-viscosity material slurry. 
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15 



A plurality of plain weave clothes fabricated as described above were stacked on each other whileteing m^eg- 
nateo" t the material slurry to fabricate a preform (preliminary green, body)^ The prelam was fabncated such that the 
fiber volume fraction (Vf) in the composite material was set to be 25% as shown in Table 1 

On the other hand an alloy consisting of Si and Mo to be impregnated during react.on-s.nter,ng was prepared as 
a meto. nSSTe oS« f suchiat 10 mor% of Mo powder with respect to an Si po*der content was m,xed wrth an S, 

scone (SEM) with respect to a fine structure. As a result, the matrix consisted of S.C MoS. 2> andfteeaj 
Se in wS Molia-precipteted bodies having an average grain size of 5 ^^^^S^ff^ 
in the entire matrix sintered body, a density ratio of the matrix (rat.o of an actual densrty to a theoretocal densrty) was 
99%, and a content of free Si was 10 vol.% or less. 

Example 2 

A ceramic matrix composite prepared in Example 1 was heated to a temperature of 1 ,600°C or higher in a reduced- 
P resTe ZX**TZLZZ Si contained in the composite, thereby preparing a ceram,c matnx compose 

a tet2U according to Example 2 consisted of SiC and MoSi, and had a densHy ratfo of 90% 



or more. 



25 Example 3 

A ceramic matrix composite prepared in Example 1 was heated a temperature of 1 ,300 to 1 ,400°C in a nitrogen- 
aJXZZXZZS* free'si on the surface of the composite materia, and near the surface and to fo^ _m a su, 
Stayer conSning silicon nHride (Si 3 N 4 ). thereby preparing a ceramic matnx compojrU ^f^f^ 1 ^ Sj 

The internal structure of the matrix of the composite according to Example 3 cons.sted of S.C. MoS. 2 . and free 
and ^SXZ halg a composHion of SiC/MoSi^N, was formed on the surface and near the surface of the 
composite. 

Example 4 

A ceramic matrix composite prepared in Example 1 was heated to a temperature of 1 .300 to 1 ,400 'C in a nitrogen 
atmoXre to o^ fSsneft in the composite to the surface portion of the composite, and the oozed free S. on foe 
~ *ZmM to!orm a surSce layer containing sHicon nitride (Si 3 N 4 ), thereby prepanng a ceram,c matr,x 

"TeTnt^ matrix of the composite according to Examp.e 4 consisted of SiC and MoSi, and a 

surfa^ layeTS a^o^on of SiC/MoS^was formed on the surface and near the surface of the compos- 

ite. 
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Comparativ e Example 1 

in the manufacturing process in Example 1 , a ceramic matrix composite according to Compare E ^ e J^: 
ing Ta cZ^Z re^on-sintering matrix-based composite was prepared in , *e mm 
except that only an Si component was impregnated without metong and impregnating an Si-Mo alloy during reaction 

^^Sdinn test pieces each having a width of 7 to 10 mm, a thickness of 1 to 3 mm, and a length of 40 mm were cut 
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pie according to Comparative Example 1 was set to be a reference value of 1 . 

Table 1 
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As is apparent from the results shown in Table 1 . although the initial matrix cracking strengths (F) of the composites 
in Examples at room temperature were lower than the initial matrix cracking strength of the conventional composite of 
Comparative Example 1. the initial matrix cracking strengths and the maximum strengths a f (U) of the composites of 
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Examples at a high temperature of 1,600 °C were 3 to 5 times those of the composite of Comparative Example 1. 

Therefore, it was found that the composites of Examples exhibited excellent high-temperature strengths. 

In particular, when the density ratio of the matrix was 98% or more, and a free Si content was 10% or less, degra- 
dation of mechanical characteristics in a high-temperature range was small. In contrast to this, when the density ratio 
s was lower than 98%, and the free Si content exceeded 1 0 vol.%, it was confirmed that mechanical characteristics in the 

high-temperature range were sharply degraded. 

In addition, the following was found. That is. when the composite was nitrified to form a dense surface layer having 

a predetermined thickness, the oxidation resistance of the composite was improved, and mechanical characteristics in 

the high-temperature range could be more improved. 
10 Influences of the average grain size of SiC particles constituting the matrix, the average diameter of MoSi 2 -preap- 

itated phases, a dispersion state, and the like to the high-temperature strength of a composite will be described below 

with reference to the following Examples. 

Examples 5 - 8 

By using the preliminary green bodies, the material slurry, and the metal mixture (alloy) wtiich were prepared in 
Example 1 . reaction-sintering was performed to prepare ceramic matrix composites according to Examples 5 to 8. More 
specifically. BN-coated Hi-nicalon continuous (long) fibers were woven into clothes, these clothes were stacked on each 
other while being impregnated in the material slurry, thereby forming preliminary green bodies. 
20 The preliminary green bodies were set in porous molds, pressure-casted by the material slurry, and then dried. 
Thereafter, the preliminary green bodies were heated to a temperature of 1 .450 to 1 ,600°C, and reaction-sintering was 
performed while an alloy consisting of Si and Mo was melted and impregnated in the green bodies, thereby preparing 
ceramic matrix composites according to Examples 5 to 8. 

The ceramic matrix composites according to Examples 7 and 8 were further heated to a temperature of 1,300 to 
25 1 ,400°C in a nitrogen atmosphere, and free Si oozed from the surfaces and portions near the surfaces was nitrified to 
form surface layers each having a thickness of 20 urn. 

In the matrixes of the composites in Examples 5 and 7, fine structures in which fine MoSi r precipitated phases were 
uniformly dispersed in the SiC sintered bodies were obtained. On the other hand, in the composites of Examples 6 and 
8, the structures in which coarse clusters (aggregates) each obtained by connecting MoSi 2 -prectpitated bodies to each 
30 other in the form of a net were uniformly dispersed in SiC. 

On the surfaces of the composites of Examples 7 and 8, dense surface layers each having a composition of 
SiC/MoSi2/Si 3 N 4 were formed. The matrix of the composite of Comparative Example 2 consisted of only two phases of 
SiC and free Si, and MoSi 2 particles were not precipitated. 

35 Com parative Fxamnles 2. 3, and 4 

In the manufacturing process in Example 5. a ceramic matrix composite according to Comparative Example 2 was 

prepared in the same process as in Example 5 except that only Si was impregnated at about 1 ,450 °C without melting 

and impregnating an Si-Mo alloy during reaction-sintering. 
40 A ceramic matrix composite according to Comparative Example 3 in which the average grain size of SiC was large. 

i.e., 30 jim. and the average grain size of MoSi 2 was large, i.e., 15 urn was prepared. 

A ceramic matrix composite according to Comparative Example 4 in which the average grain size of SIC was large, 

i.e., 30 jim. the average grain size of MoSi 2 was large, i.e.. 15 jim, and a surface layer having a thickness of 20 \xir\ and 

Si 3 N 4 precipitated therefrom was formed was prepared. 
45 Bending test pieces each having a width of 7 to 10 mm. a thickness of 1 to 3 mm. and a length of 40 mm were cut 

from the prepared ceramic matrix composites according to Examples and Comparative Example. A three-point bending 

strength test at room temperature and 1 ,600 °C was performed to the test pieces to measure an initial matrix cracking 

strength a f (F) and a maximum strength a f (U) of each test piece. 

The polished surfaces of the composites were observed with a scanning electron microscope (SEM-BEI) to meas- 
so ure the diameters of SiC particles, MoSi 2 -precipitated bodies, clusters (aggregates) of MoSi 2 and the average grain size 

of Si 3 N 4 contained in the surface layer. The measurement results are shown in Table 2. 
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Table 2 
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As is apparent from Table 2, even if the compositions of SiC and MoSi 2 constituting the matrixes were almost equal 
to each other, the initial matrix cracking strengths and maximum strengths of the composites were considerably 
dependent on the difference between the average grain sizes of the constituent particles and the difference between 
the fine structures such as distribution states. In particular, it was found that the finer the average grain sizes of the SiC 
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particles and MoS^-precipitated phases were made, the higher a high-temperature strength became. 

In the temperature raising process, the sintering process, and the cooling process in the reaction-sintering step, 
influences suffered when operation atmospheres are switched to each other will be described below with reference to 
the following Examples and Comparative Examples. 

5 

Pyam ples 9 - 10 and Compara tive Examples 5 - 7 

In the reaction-sintering step for the ceramic matrix composite according to Example 1 , ceramic matrix composites 
according to Examples 9 to 10 and Comparative Example 5 to 7 were prepared in the same process as in Example 1 
w except that an atmosphere in which a reaction system containing a green body and an Si-Mo alloy was heated to 
increase the temperature to a sintering temperature of 1 ,450 to 1600°C. an atmosphere set from time when the tem- 
perature reached the sintering temperature to time when the sintering was completed, and an atmosphere set from time 
the sintering was completed to time when the cooling process was started were switched to each other as shown in 
Table 3. 

is The X-ray diffraction strength values of the composites prepared as described above were measured, and the com- 
position ratios of the matrixes were calculated on the basis of resultant analytical curves. The presence/absence of 
occurrence of Si lines (state wherein a crack was buried with Si) in the matrixes and the appearances of the matrixes 
were examined to obtain results shown in Table 3. A ratio of the contents of an actually impregnated alloy to the theo- 
retical content of an Si-Mo alloy consumed by each green body in reaction-sintering was measured. The resultant val- 

20 ues are shown in Table 3. 
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Table 3 
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As is apparent from the results shown in Table 3, in the composites of Examples 9 to 10 prepared such that the 
temperature raising process was performed In an inert gas atmosphere, and the sintering process was performed in a 
vacuum state, an Si-Mo alloy having a predetermined composition was impregnated. For this reason, ceramic matrix 
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composites each containing less free Si could be obtained. On the other hand, in the composites of Comparative Exam- 
ples 5 to 6 in which the temperature raising process to the sintering process were performed in a reduced-pressure 
atmosphere, Si lines obtained by filling Si in cracks were observed. 

Influences suffered when the types of carbon sources or the grain sizes of material powders are changed will be 
described below with reference to the following Examples and Comparative Example. 



Exam ple 1 1 

An SiC powder (average grain size: 5 \im) serving as an aggregate and a carbon powder (average grain size: 1 urn) 
whose content corresponds to 20% by weight of the content of SiC powder were dispersed in an aqueous solvent to 
prepare a low-viscosity material slurry. 

A plurality of plain weave clothes fabricated such that BN-coated Hi-nicalon fibers were woven as Example 1 were 
stacked on each other while being impregnated in the material slurry to fabricate a preform (preliminary green body). 

On the other hand, an alloy consisting of Si and Mo to be impregnated during reaction-sintering was prepared as 
a metal mixture obtained such that 10 mol% of Mo powder with respect to an Si powder content was mixed with an Si 
powder by a wet method. 

The fabricated preliminary green body was set in a porous mold, pressure-casted by the material slurry, and then 
dried Thereafter, the preliminary green body was heated to a temperature of 1 .600°C, and reaction-sintering was per- 
formed while an Si-Mo alloy formed by melting the metal mixture was impregnated in the green body, thereby preparing 
a ceramic matrix composite according to Example 1 1 . 



Sample 12 

Preform formation, impregnation of an Si-Mo alloy, and reaction-sintering were performed under the same condi- 
tions as in Example 1 1 except that a material slurry prepared by dispersing an SiC powder having an average grain size 
of 1 ^m and super-fine carbon powder having an average grain size of 0.01 urn in an aqueous solvent was used, 
thereby preparing a ceramic matrix composite according to Example 12. 



Comparativ e Example 8 

An SiC powder having an average grain size of 5 ^m and a fran resin were dispersed in a solvent and mixed with 
each other to prepare a material slurry. A plurality of plain weave clothes fabricated such that BN-coated Hi-nicalon fib- 
ers were woven as Example 1 were stacked on each other while being impregnated in the material slurry to fabricate a 

preform. . 

The resultant preform was subjected to a heat treatment to carbonize the fran resin component. Thereafter, the pre- 
form was heated to a temperature of 1 ,600 °C in a vacuum state, and reaction-sintering was performed while an Si-Mo 
alloy was melted and impregnated in the green body, thereby preparing a ceramic matrix composite according to Com- 
parative Example 8. 

Bending test pieces were cut from the prepared ceramic matrix composites according to Examples and Compara- 
tive Example. A three-point bending strength test at room temperature (RT: 25°C ) and 1 ,600 °C was performed to the 
test pieces to measure an initial matrix cracking strength and a maximum strength of each test piece. 

The test pieces were kept at 1 ,350 °C. and a creep test for measuring a rate of strain obtained when a load of 100 
MPa acted on the test pieces was performed to evaluate the high-temperature characteristics of the composites. The 
measurement results are shown in Table 4. 
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Table 4 



Table 4 



Sample No. 


Three-Point Bending Strength a (MPa) 


High-Tempera- 
ture Crreep Test 




Room Temperature (RT) 


1600°C 






Initial Matrix 
Cracking 
Strength a f (F) 


Maximum 
Strength a f (U) 


Initial Matrix 
Cracking 
Strength o f (F) 


Maximum 
Strength a f (U) 


Rate of Strain at 
(1,350°C-100 
MPa) (1/ sec) 


Example 1 1 


200 


320 


180 


300 


3 x 10" V 


Example 12 


250 


450 


200 


400 


2 x 10* 8 


Comparative 
Example 8 


200 


320 


180 


200 


4 x 10" 5 



As is apparent from Table 4, in particular, in the composites of Examples 1 1 and 12 prepared by using a fine SiC 
powder and a carbon powder, decreases in strength in a high-temperature range are smaller than that of the composite 
of Comparative Example 8 prepared by using a fran resin serving as coarse carbon source, and creep characteristics 
are considerably improved. For this reason, high-temperature resistance is excellent. 



Example 13 

The same manufacturing process as in Example 1 was repeated except that Si-Mo-Ta alloy was used in place of 
Si-Mo alloy to be impregnated during reaction-sintering, thereby preparing a ceramic matrix composite according to 

Example 13. ■ 

Afore-mentioned Si-Mo-Ta alloy was prepared as a metal mixture obtained such that 10 mol% of Mo powder with 
respect to an Si powder content and 1 0 mol% of Ta powder with respect to a Mo powder content were mixed with an Si 
powder by a wet method. 

The preliminary green body was heated to a temperature of 1,450 to 1,600 °C, and reaction-sintering was per- 
formed while an Si-Mo-Ta alloy formed by melting the metal mixture was impregnated in the green body, thereby pre- 
paring a ceramic matrix composite according to Example 13. 



Example 14 

The same manufacturing process as in Example 1 was repeated except that Si-Mo-Ti alloy was used in place of Si- 
Mo alloy to be impregnated during reaction-sintering, thereby preparing a ceramic matrix composite according to Exam- 
ple 14. 

Afore-mentioned Si-Mo-Ti alloy was prepared as a metal mixture obtained such that 10 mol% of Mo powder with 
respect to an Si powder content and 10 mol% of Ti powder with respect to a Mo powder content were mixed with an Si 
powder by a wet method. 

The preliminary green body was heated to a temperature of 1,450 to 1,600 °C, and reaction-sintering was per- 
formed while an Si-Mo-Ti alloy formed by melting the metal mixture was impregnated in the green body, thereby pre- 
paring a ceramic matrix composite according to Example 14. 

With respect to thus prepared composites of Examples 13 and 14, three-point bending strength test at room tem- 
perature (RT25 °C) and 1 .600 °C and oxidation test were performed. The measurement results are shown in Table 5 
described below. 
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Table 5 
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As is apparent from the results shown in Table 5, the respective composites of Examples 1 3 and 1 4 are more excel- 
lent in high-temperature strength and oxidation resistance in comparison with that of Comparative Example 1. 
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Example 15 

The same manufacturing process as in Example 1 was repeated except that Si-Mo-AI alloy was used in place of 
Si-Mo alloy to be impregnated during reaction-sintering, thereby preparing a ceramic matrix composite according to 

Afo^-mentjoned Si-Mo-AI alloy was prepared as a metal mixture obtained such that 10 mol% of Mo powder with 
respect to an Si powder content and 10 mol% of Al powder with respect to a Mo powder content were m.xed with an Si 

Dowder by a wet method. ... 

The preliminary green body was heated to a temperature of 1 ,450 to 1 .600 "C. and reaction-smtenng was per- 
formed while an Si-Mo-AI alloy formed by melting the metal mixture was impregnated in the green body, thereby pre- 
paring a ceramic matrix composite according to Example 15. 

Example 16 

The same manufacturing process as in Example 1 was repeated except that Si-Mo-Cr alloy was used in place of 
Si-Mo alloy to be impregnated during reaction-sintering, thereby preparing a ceramic matrix composite according to 

EXS Aforementioned Si-Mo-Cr alloy was prepared as a metal mixture obtained such that 10 mol% of Mo powder with 
respect to an Si powder content and 10 mol% of Cr powder with respect to a Mo powder content were mixed with an S« 
Dowder by a wet method. 

The preliminary green body was heated to a temperature of 1 .450 to 1 .600 °C, and react.on-sinter.ng was per- 
formed while an Si-Mo-Cr alloy formed by melting the metal mixture was impregnated in the green body, thereby pre- 
paring a ceramic matrix composite according to Example 1 6. 

With respect to thus prepared composites of Examples 15 and 16, three-point bending strength test at room tem- 
perature (RT:25 °C) and 1.600 °C and creep test were performed. The measurement results are shown in Table 6 
described below. 

Table 6 



Table 6 



Sample No. 


Three-Point Bending Strength a (MPa) 


ture Creep Test 




Room Temperature (RT) 


1600°C 






Initial Matrix 
Cracking 
Strength a f (F) 


Maximum 
Strength a f (U) 


Initial Matrix 
Cracking 
Strength a f (F) 


Maximum 
Strength a f (U) 


Rate of Strain at 
(1,350°C-100 
MPa)(1 / sec) 


Example 15 


250 


360 


180 


320 


2 x 10* 6 


Example 16 


200 


350 


170 


300 


6 x 10* 8 


Comparative 
Example 8 


200 


320 


180 


200 


4 x 10* 5 



As is apparent from the results shown in Table 6. the respective composites of Examples 1 5 and 16 are more excel- 
lent in high-temperature strength and creep characteristics in comparison with that of Comparative Example 8. 

As has been described above, in a ceramic matrix composite according to the present invention and a method of 
manufacturing the same, since a part or all of free Si contained in matrix SiC is substituted for molybdenum silicide 
based compound such as molybdenum disilicate (MoSia) having excellent oxidation resistance, a ceramic matrix com- 
posite having excellent high-temperature characteristics can be obtained. 

When a dense surface layer containing silicon nitride (Si 3 N 4 ) is formed on the surface of a ceramic matrix fiber 
composite material, a corrosive gas or an oxidizing gas is rarely permeated in the composite material even if the 
ceramic matrix composite is used in a corrosive environment. Therefore, a ceramic matrix composite having excellent 
environment resistance can be obtained. 



16 



EP 0 798 280 A2 

Claims 

1 A ceramic matrix composite comprising: a ceramic matrix; and reinforcements arranged in said ceramic matrix 
wherein said ceramic matrix is mainly composed of silicon carbide and molybdenum silicide based compound, and 
said ceramic matrix has a density ratio of not less than 90%. 

2 A ceramic matrix composite according to claim 1 . wherein said ceramic matrix is composed of silicon carbide 
molybdenum silicide based compound and silicon, said ceramic matrix has a density ratio of not less than 98% and 
has a silicon content of not more than 10% by volume. 

3. A ceramic matrix composite according to daim 1 . wherein said molybdenum silicide based compound is molybde- 
num disilicate (MoSi 2 ). 

4 A ceramic matrix composite according to claim 1 . wherein said molybdenum silicide based compound is expressed 
' by a general formula of Mo-Si-X where X is at least one element selected from the group consisting of Al. Ta. Ti. Zr, 

Y. Re. W. V, Cr and Nb. 

5 A ceramic matrix composite according to claim 1 . wherein said composite further comprises a surface layer which 
is mainly composed of silicon carbide, molybdenum silicide based compound and silicon nitride, and said surface 
layer is formed on a surface of the ceramic matrix composite. 

6 A ceramic matrix composite according to claim 1 . wherein said composite material further comprises a nitride sur- 
face layer containing silicon nitride, and said nitride surface layer is formed on a surface of the ceram.c matnx com- 
posite. 

7 A ceramic matrix composite according to claim 5. wherein said surface layer has a a thickness of not less than 10 
nm, and the thickness of said surface layer is not more than 5% of the thickness of the ceramic matrix composite. 

8. A ceramic matrix composite according to claim 6, wherein said silicon nitride contained in the surface layer has an 
average grain size of not more than 10 |im. 

9. A ceramic matrix composite according to claim 1 . wherein said reinforcements are composed of ceramic continu- 
ous fibers. 

10 A ceramic matrix composite according to claim 1 . wherein said silicon carbide constituting the ceramic matrix has 
an average grain size of not more than 20 M m. and said molybdenum silicide based compound has an average 
grain size of not more than 10 nm. 

11. A ceramic matrix composite according to claim 1. wherein said ceramic matrix has a structure obtained by uni- 
formly dispersing molybdenum silicide based compound in silicon carbide. 

12. A ceramic matrix composite according to claim 1. wherein said ceramic matrix has a structure obtained by uni- 
formly dispersing clusters consisting of molybdenum silicide based compound in silicon carb.de. and each of said 
clusters has a diameter of not more than 200 jim. 

1 3 A ceramic matrix composite according to claim 1 . wherein said ceramic matrix has a structure obtained by dispers- 
ing fine particles consisting of silicon carbide in a molybdenum silicide based compound phase. 

14. A ceramic matrix composite according to claim 13. wherein said fine particles consisting of silicon carbide and dis- 
persed in the molybdenum silicide based compound are nano-sized particles. 

15. A method of manufacturing a ceramic matrix composite, characterized by comprising the step of: 

preparing a green body consisting of [rei^rcemerrts, filjc^arbide and carbon^ 

performing reaction-sintering while an alloy consisting of silicon and molybdenum is impregnated in the green 
body; 

precipitating molybdenum silicide based compound in the matrix. 

1 6. A method of manufacturing a ceramic matrix composite according to claim 1 5. wherein at least part of fine particles 
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of the silicon carbide formed by the reaction-sintering is dispersed in a molybdenum silicide based compound 
phase. 

17 A method of manufacturing a ceramic matrix composite according to claim 15. wherein at least part of nano-sized 
5 ' particles of the silicon carbide formed by the reaction-sintering is precipitated in a molybdenum silicide based com- 
pound phase. 

18 A method of manufacturing a ceramic matrix composite according to claim 15. wherein as a starting material of at 
least a part of carbon constituting the green body, a carbon powder having a grain particle size of not more than 1 

10 urn is used. 

19 A method of manufacturing a ceramic matrix composite according to claim 15. wherein as a starting material of at 
' least a part of carbon constituting the green body, a carbon powder having a grain particle size of not more than 

100 nm is used. 

' 5 20 A method of manufacturing a ceramic matrix composite according to claim 15, wherein said method further com- 
- prises the step of heating the ceramic matrix composite having a matrix formed by reaction-sintering, at a temper- 
ature of 1 ,500 to 1 .700 °C in a reduced-pressure atmosphere thereby to remove residual silicon. 

20 21 A method of manufacturing a ceramic matrix composite according to claim 15. wherein said method further com- 
' prises the step of heating the ceramic matrix composite having a matrix formed by reaction-sintering, at a temper- 
ature of 1 .300 to 1 .400 °C in a nitrogen atmosphere to nitrify silicon in a material surface portion, thereby forming 
a nitride surface layer containing silicon nitride on the material surface. 

25 22 A method of manufacturing a ceramic matrix composite according to claim 1 5. wherein said method further com- 
' prises the step of heating the ceramic matrix composite having a matrix formed by reaction-sintering, at a temper- 
ature of 1 300 to 1 400 °C in a nitrogen atmosphere to ooze silicon in the material to a material surface, and the 
step of nitrifying said oozed silicon on the composite surface to form a nitride surface layer containing silicon nitride 
on the composite surface. 

23 A method of manufacturing a ceramic matrix composite according to claim 1 5, wherein said reaction-sintering step 
' includes a temperature raising process which is performed in an inert gas atmosphere in the reaction-sintering 

step then the inert gas atmosphere is switched to a vacuum when the temperature reaches a predetermined sin- 
tering temperature to progress sintering, and a cooling process is performed in an inert gas atmosphere. 

24 A method of manufacturing a ceramic matrix composite according to claim 15. wherein an amount of alloy consist- 
' ing of silicon and molybdenum to be impregnated into the green body in the reaction-sintering step is set to be not 

more than 1 .2 times an amount of alloy required for reaction-sintering of the green body. 
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